Whereas resting T cells, which have low metabolic requirements, use oxidative phosphorylation (OXPHOS) to maximize their generation of ATP, activated T cells, similar to tumor cells, shift metabolic activity to aerobic glycolysis, which also fuels mevalonate metabolism. Both sterol and nonsterol derivatives of mevalonate affect T cell function. The intracellular availability of sterols, which is dynamically regulated by different classes of transcription factors, represents a metabolic checkpoint that modulates T cell responses. The electron carrier ubiquinone, which is modified with an isoprenoid membrane anchor, plays a pivotal role in OXPHOS, which supports the proliferation of T cells. Isoprenylation also mediates the plasma membrane attachment of the Ras, Rho, and Rab guanosine triphosphatases, which are involved in T cell immunological synapse formation, migration, proliferation, and cytotoxic effector responses. Finally, multiple phosphorylated mevalonate derivatives can act as danger signals for innate-like gd T cells, thus contributing to the immune surveillance of stress, pathogens, and tumors. We highlight the importance of the mevalonate pathway in the metabolic reprogramming of effector and regulatory T cells.
Introduction
Signaling through the T cell receptor (TCR) serves as a paradigm for how cell surface receptors translate extrinsic cues into cellular responses (1) . The metabolic regulation of T lymphocytes as a consequence of TCR stimulation has attracted much interest (2) (3) (4) (5) . It is increasingly appreciated that T cell activation results in metabolic reprogramming and that distinct T cell functions depend on the activation of appropriate metabolic pathways (2) . In contrast to resting cells, which pursue efficient accumulation of adenosine triphosphate (ATP), activated T cells must ensure high metabolic flux through anabolic pathways. Stimulated T cells shift from using oxidative metabolism [oxidative phosphorylation (OXPHOS)] to aerobic glycolysis to meet these requirements because glycolysis produces many metabolites that can be used for biosynthetic purposes. Although reviews have discussed how a truncated tricarboxylic acid (TCA) cycle leads to increased amounts of cytosolic acetyl-coenzyme A (acetyl-CoA), a key metabolite for lipid biosynthesis, they have not fully addressed the growthpromoting mevalonate pathway, which is directly fed by accumulating acetylCoA, with its diverse classes of sterol and nonsterol isoprenoid products. Here, we focus on how mevalonate metabolites regulate T cells at many different levels, both as cell-intrinsic and cell-extrinsic metabolic cues.
Metabolic Regulation of T Cells: The Shift from OXPHOS to Aerobic Glycolysis
Quiescent T cells, like other nonproliferating cells, display relatively low levels of glycolytic activity, and they fully oxidize glucose-derived pyruvate or fatty acid-derived acetyl-CoA in the mitochondrial TCA cycle ( Fig. 1) (2, 3) . This process drives OXPHOS and maximizes the amount of ATP that can be generated from these substrates. The electron transport chain in the mitochondrion is the site of OXPHOS in eukaryotes. With energy derived from the TCA cycle, electron transfer from donors to acceptors through redox reactions is coupled with the transfer of protons across the inner mitochondrial membrane. The resulting electrochemical proton gradient stimulates the generation of ATP from adenosine diphosphate by the enzyme ATP synthase.
In contrast, activated T cells have a substantially increased demand for metabolic resources because they must perform effector functions or accumulate biomass for cell growth and daughter cell generation (2, 3) . Upon TCR stimulation, fatty acid b-oxidation is markedly decreased, and the amounts of glucose and amino acid transporters are increased on the T cell surface to facilitate nutrient uptake. The transcription factors c-Myc (6) and estrogen-related receptor a (7), which are increased in abundance during TCR-mediated activation, control metabolic reprogramming in T cells. Although activated T cells still engage in OXPHOS, glycolysis becomes the prevailing pathway even in the presence of oxygen, and it is therefore referred to as aerobic glycolysis, which is also known from early work in cancer biology as the Warburg effect. It has long been thought that the metabolic demands of T cell proliferation enforce the switch from OXPHOS to aerobic glycolysis. However, a study demonstrated that both OXPHOS and aerobic glycolysis can fuel ab T cell proliferation and survival, but only aerobic glycolysis supports full T cell effector function (8) . Consistent with their rapid, innate-like responsiveness, gd T cells have greater amounts of glucose transporters on the cell surface than do ab T cells, they display enhanced glucose metabolism, and they exhibit effector function over a broader range of glucose concentrations than do ab T cells (9) . It may be for this reason that gd T cells are less dependent on costimulation through the co-receptor CD28, which serves to enhance glycolytic activity in ab T cells (9) .
In proliferating cells, glycolysis-derived pyruvate can enter a truncated TCA cycle. In this case, citrate is exported from the mitochondrion to the cytosol, where it is converted back to acetyl-CoA by ATP citrate lyase (10) . In this manner, acetyl-CoA is increasingly made available not only for fatty acid biosynthesis but also for mevalonate metabolism (Fig. 1) . The diversion of citrate for biosynthetic purposes bears the risk of collapsing the TCA cycle. To avoid this, activated T cells therefore increasingly use glutamine oxidation and glycolysis. Glutaminolysis represents a metabolic shunt that converts glutamine into a-ketoglutarate (a-KG) for subsequent introduction into the TCA cycle. In addition, reductive carboxylation of a-KG (the reverse of what occurs in the TCA cycle) for the subsequent synthesis of citrate and acetyl-CoA in the cytoplasm of activated T cells may also serve to fuel mevalonate metabolism, preferentially under hypoxic conditions ( Fig. 1) (11) .
Metabolic Reprogramming During T Cell Activation Enhances Mevalonate Metabolism
Three molecules of acetyl-CoA can be sequentially condensed by 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) synthase to form HMG-CoA, which enables the onset of mevalonate metabolism, a highly conserved anabolic cascade (Fig. 2) . In the first committed step, HMG-CoA reductase catalyzes the conversion of HMG-CoA to mevalonate (also known as mevalonic acid) (12) . In murine T cells, TCR stimulation is sufficient to induce expression of the genes encoding HMG-CoA synthase and HMGCoA reductase (13, 14) . The induction of this lipogenic program occurs at submitogenic concentrations of the specific antigen gp100 and does not require costimulation (13) . Two sequential phosphorylation reactions generate mevalonate monophosphate and mevalonate diphosphate (also known as mevalonate pyrophosphate), respectively. Mevalonate pyrophosphate is decarboxylated to form isopentenyl pyrophosphate (IPP, C 5 ), whereas an isomerase catalyzes the interconversion of IPP and its isomer, dimethylallyl pyrophosphate (DMAPP, C 5 ). Farnesyl pyrophosphate (FPP) synthase condenses DMAPP with one IPP molecule to form geranyl pyrophosphate (GPP, C 10 ), as well as GPP with a second IPP to form FPP (C 15 ). FPP is the common substrate for various biosynthetic branches leading to diverse classes of products such as cholesterol, steroids, ubiquinones, and prenylated proteins (Fig. 2) .
Regulation of Intracellular Cholesterol Homeostasis Affects T Cell Responses
FPP serves as the precursor in sterol biosynthesis (Fig. 2) . In the first committed step, squalene synthase catalyzes, in a nicotinamide dinucleotiode phosphate (NADPH)-dependent manner, the condensation of two FPP molecules (15) . Squalene epoxidase, which catalyzes the first oxygenation step in sterol biosynthesis, is considered to be one of the ratelimiting enzymes in this pathway. Expression of the gene encoding squalene epoxidase is also induced as part of the TCR-stimulated lipid biosynthesis program that promotes HMG-CoA synthesis and reduction (13) . Squalene oxidation followed by cyclization leads to the formation of lanosterol, which is then further converted to cholesterol through a multistep process. Feedback inhibition by cholesterol and the isoprenoid intermediates of the mevalonate pathway controls HMG-CoA reductase, the rate-limiting enzyme in cholesterol biosynthesis and the target of a class of drugs known as statins (Fig. 2) (12) .
Cholesterol is an essential component of membranes, and it ensures their permeability and fluidity. In addition, cholesterol is important for the formation of lipid rafts, which are specialized microdomains in the plasma membrane used for the assembly of signaling molecules (16) . The requirement for adequate cholesterol availability in cell proliferation is therefore obvious. The absolute requirement for cholesterol in cell cycle Fig. 1 . Metabolic pathways that support T cell activation. In resting cells, glucose-derived pyruvate is converted to acetyl-CoA in mitochondria, and it is fully oxidized in the TCA cycle and through OXPHOS to maximize ATP generation. In contrast, proliferating T cells enhance glycolysis but also export citrate to the cytosol, where it is converted back to acetylCoA and serves as a metabolic precursor for fatty acid biosynthesis and mevalonate metabolism. To ensure metabolic flux, activated T cells also increase the amount of both glutamine oxidation and glycolysis. The process of glutaminolysis represents a metabolic shunt that converts glutamine into a-KG for subsequent introduction into the TCA cycle. In addition, reductive carboxylation of a-KG (the reverse of what occurs to a-KG in the TCA cycle) for the subsequent synthesis of citrate and acetyl-CoA may also occur in the cytoplasm of activated T cells, preferentially in microenvironments with low oxygen, such as secondary lymphoid organs, inflamed tissues, and tumors. Glucose-6-P, glucose-6-phosphate; 3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate.
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progression and mitosis has previously been demonstrated with pharmacologic inhibitors of the mevalonate pathway, such as statins, which cause general cholesterol depletion (17, 18) .
Physiologic regulation of sterol availability may be mediated by liver X receptors (LXRs), which are members of the nuclear receptor family of transcription factors (19) . Accumulation of 22(R)-hydroxycholesterol (20) , an oxysterol derivative of cholesterol ( Fig. 2) , results in the activation of LXRb in T cells and the suppression of mitogen-and antigen-dependent proliferation (21) . LXRb is thought to promote the localized depletion of sterol by activating the cholesterol efflux transporter ATP-binding cassette subfamily G member 1 (ABCG1). Conversely, the absence of LXRb activity prevents the inhibitory effects of LXRb agonists and potentiates the homeostatic and vaccine-dependent proliferation of T cells (21) . Similarly, genetic ablation of ABCG1 results in increased cholesterol content and confers thymocytes and CD4 + T cells with a proliferative advantage (22) . Geranylgeranyl pyrophosphate (GGPP), which is produced in a nonsterol branch of the mevalonate pathway ( Fig. 2) , rapidly suppresses the cholesterol efflux transporter ABCA1 (23), which is indicative of collaborative interactions between different branches of the mevalonate pathway. In addition, oxysterols have been identified as agonist ligands of the retinoic acid receptor-related orphan receptors a and gt (RORa and RORgt), which are members of the nuclear hormone receptor superfamily (24) . Oxysterols are RORgt agonists and serve as potential endogenous RORgt ligands in promoting the differentiation of mouse and human CD4 + T helper 17 (T H 17) cells (25) . Thus, LXRb acts as a sensor of intracellular sterol content and may couple sterol metabolism to innate and adaptive immune responses.
Another class of transcription factors that regulate sterol availability is constituted by the sterol regulatory element-binding proteins (SREBPs) (26) . The 480-amino acid N-terminal residues of SREBPs form a basic helix-loop-helix leucine zipper transcription factor. In response to reduced amounts of sterols, this N-terminal domain of SREBPs is proteolytically released from the plasma membrane and is relocalized to the nucleus, where it binds to sterol regulatory elements and thus enhances the expression of genes encoding enzymes involved in fatty acid and sterol biosynthesis. Three SREBP isoforms have been identified. SREBP-1a potently activates all SREBP-responsive genes and may function to maintain the basal synthesis of cholesterol and fatty acids. In contrast, SREBP-1c selectively activates genes whose products are involved in fatty acid synthesis, whereas SREBP-2 preferentially promotes mevalonate metabolism and cholesterol biosynthesis by activating the transcription of the genes encoding HMG-CoA synthase and HMG-CoA reductase. SREBP-1 and SREBP-2 are essential in coupling TCR signaling with a lipid biosynthetic program that ensures rapid membrane biogenesis and cell growth (13) .
Murine CD8 + T cells defective in SREBP signaling appear to be unable to synthesize sufficient cholesterol for cell growth and proliferation in response to antigenic stimulation. SREBP signaling is dispensable for the homeostatic proliferation of CD8 + T cells, but it is required for CD8 + T cells to acquire the glycolytic phenotype that enables full effector function. Such a concept, in which an intracellular cholesterol pool serves as a metabolic checkpoint for the development of effector T cells, would also be consistent with the previous observation that cholesterol abundance is increased in gd T cells compared to that in ab T cells, and that this may contribute to the rapid, innate-like effector responses of gd T cells (27) . Furthermore, this concept may even apply to regulatory T cells (T regs ), which also appear to require sufficient metabolic flux through the mevalonate pathway to become fully functional (28, 29) . Disruption of mechanistic target of rapamycin complex 1 (mTORC1) by genetic depletion of regulatory-associated protein of mTOR (Raptor) results in the decreased abundance of HMG-CoA reductase, the enzyme that catalyzes the first committed step of the mevalonate pathway, as well as of squalene epoxidase, one of the rate-limiting enzymes in cholesterol biosynthesis. As a consequence, Raptor-deficient T regs have reduced amounts 
T Cell Regulation by Steroid Hormones
Oxysterols can serve as precursors in the biosynthesis of steroid hormones ( Fig. 2) (20) , which have various immunomodulatory effects. Whereas estrogens are considered to enhance antibody production in response to vaccines, as well as in autoimmune diseases in women (30) , androgens may suppress immune responses and play a critical role in maintaining T cell tolerance. For example, castration of male mice before their vaccination with prostate-specific antigen enhances antigen-specific CD8 + T cell responses (31, 32). Likewise, prostate cancer patients undergoing androgen deprivation have increased infiltration of the prostate with T cells compared to prostate cancer patients that do not receive hormone ablation therapy (33) . A study pinpointed testosterone-mediated inhibition of T H 1 cell differentiation as the molecular mechanism by which androgens suppress immunity. Testosterone inhibits the interleukin-12 (IL-12)-dependent phosphorylation of signal transducer and activator of transcription 4 in CD4 + T cells, an effect that is mediated by the binding of the androgen receptor to a conserved region of the protein tyrosine phosphatase nonreceptor type 1 (Ptpn1), which is followed by an increase in Ptpn1 expression and activity as well as by the subsequent suppression of IL-12 signaling (34).
Gender-specific differences in phenotype and function have also been reported for human Vg9Vd2 T cells (35) . This population of unconventional, innate-like, gd T cells is well known to increase in number from birth to puberty and then gradually declines beyond 30 years of age. The postpuberty decrease in cell number is more pronounced in men, whereas women retain higher numbers of Vg9Vd2 T cells. The loss of Vg9Vd2 T cells in men appears to specifically affect effector memory and terminally differentiated effector T cells, whereas the population of central memory cells is unaffected. Although the underlying molecular mechanisms are currently unknown, it is likely that steroid hormones and sterol metabolism contribute to the observed gender differences in the differentiation of Vg9Vd2 T cells.
Mevalonate Metabolism Is Required for OXPHOS in T Cells to Ensure Ubiquinone Availability
Ubiquinone [also known as coenzyme Q (CoQ)] (Fig. 2) plays a unique role in the electron transfer chain, where it functions as an electron carrier from complex I and complex II to complex III. CoQ-cytochrome c reductase is a component of the ubiquinol-cytochrome c reductase complex (complex III or cytochrome bc1 complex), the third complex in the electron transport chain, and it plays a critical role in ATP synthesis during OXPHOS. This enzyme catalyzes the reduction of cytochrome c by oxidation of CoQ and the concomitant pumping of protons from the mitochondrial matrix to the intermembrane space. The net result of this redox loop, which is also referred to as the Q cycle, is that two electrons are transferred from a molecule of reduced CoQ (ubiquinol) to two molecules of oxidized cytochrome c. This transfer results in the formation of two molecules of reduced cytochrome c and one molecule of oxidized CoQ (ubiquinone).
Indirect evidence for the importance of CoQ in antigen-specific T cell activation comes from a study showing that mice deficient in CoQ-cytochrome c reductase fail to exhibit antigen-specific proliferation of T cells in vivo. This is because intact mitochondria are required for T cell activation to produce reactive oxygen species (ROS) for the activation of nuclear factor of activated T cells and the subsequent induction of IL2 expression (36) . Mitochondrial glycerol-3-phosphate dehydrogenase (GPD2) is a major contributor of electrons to the respiratory chain. The TCR-dependent activation of GPD2 results in the enhanced reduction of ubiquinone (ubiquinol accumulation) and the release of low amounts of ROS from the mitochondria (37) . The resulting oxidative signal is indispensable for T cell activation and for the nuclear factor kB-dependent expression of target genes.
Little is known about ubiquinone biosynthesis in humans. Prenyldiphosphate synthase catalyzes the elongation of GPP or FPP with several IPP moieties in a trans configuration to form the polyisoprenoid chain. A trans-polyprenyl transferase then attaches the polyisoprenyl side chain to a 4-hydroxybenzoate ring, thus producing a membrane-bound ubiquinone. In CoQ 10 , which plays a pivotal role in OXPHOS, the lipid membrane anchor is a decaprenyl side chain (10 isoprenyl units, C 50 ). Because of the relatively large number of isoprenyl units required for CoQ 10 biosynthesis, CoQ 10 availability obviously depends on high flux through the mevalonate pathway, and conversely, inefficient mevalonate metabolism would rapidly lead to the depletion of CoQ 10 and the subsequent collapse of OXPHOS. Clinically, mutations in the genes encoding either prenyldiphosphate synthase or trans-polyprenyl transferase result in CoQ 10 deficiency and OXPHOS disorders (38) . In addition to such inborn errors of CoQ 10 biosynthesis, drugs targeting the mevalonate pathway may also cause CoQ 10 deficiency. Statins, which are widely prescribed for the treatment of cardiovascular disease, inhibit mevalonate metabolism at an early stage (Fig. 2) and thus also prevent the formation of the ubiquinone lipid anchor. Statins can therefore cause CoQ 10 deficiency in a dose-dependent manner, and they may have detrimental cardiac consequences, mostly in elderly patients (39) . These observations collectively suggest that mevalonate metabolism controls OXPHOS in various cell types, including T cells.
Protein Prenylation Determines T Cell Function
The farnesyl and geranylgeranyl transferases mediate the posttranslational prenylation of proteins (15) . In this process, FPP (C 15 ) and GGPP (C 20 ) respectively represent the activated forms of the farnesyl and geranylgeranyl units that are covalently attached to many members of the Ras superfamily of guanosine triphosphatases (GTPases), which mediate their membrane localization ( Fig. 2) (40) . Notably, prenylated proteins may constitute up to 2% of total cellular protein (41). The prototype of small GTPases, Ras, which requires farnesylation (FPP), is activated in response to TCR stimulation and various cytokines (Fig. 3A) (42) . The best-characterized effectors of Ras are the Raf proteins, which are kinases (43) that control T cell proliferation, cytokine production, differentiation, and survival through activation of the mitogen-activated protein kinase (MAPK) cascade (Fig.  3A) . Consistently, statin-dependent inhibition of the farnesylation of Ras impairs the association of Ras with lipid rafts and prevents the TCRdependent activation of the Ras-MAPK pathway (44) .
The role of Ras farnesylation in the differentiation of T H cells has also been investigated in the context of the experimental autoimmune encephalomyelitis (EAE) rodent model of multiple sclerosis (45) . This study showed that statins induce a decrease in the amount of membraneassociated Ras as well as in the concomitant accumulation of cytosolic Ras, and they inhibit the destructive T H 1 cell-type response. FPP, which mediates Ras farnesylation, restores the ability of statin-treated, myelinreactive T cells to produce the effector cytokine interferon-g (IFN-g).
Reinstatement of metabolism by the provision of exogenous FPP during statin-mediated inhibition of HMG-CoA reductase, and thus of mevalonate metabolism, indicates that mevalonate metabolites can also act as cellextrinsic cues. The involvement of farnesylated Ras in the differentiation of T H 1 cells was also confirmed in experiments with a specific farnesyltransferase inhibitor.
Ras activates not only the MAPK signaling cascade but also the phosphoinositide 3-kinase (PI3K)-AKT pathway (46, 47) , which is also activated during IL-2-and IL-15-induced effector T cell responses (Fig. 3A ) (48, 49) . The importance of Ras farnesylation in this pathway was demonstrated by the finding that specific farnesyltransferase inhibitors suppress PI3K-AKT signaling (46) . AKT phosphorylates multiple cellular proteins, which results in the inhibition of several tumor suppressors, including p53, which normally inhibits mevalonate metabolism. A reduction in the abundance of p53 by the specific ubiquitin ligase Mdm2 (Fig. 3A) has been demonstrated during T cell activation (50) , which implies that mevalonate metabolism may be enhanced in tumor cells and in activated T cells by similar signaling events. The activity of the mevalonate pathway in breast cancer cells bearing mutant p53 is substantially enhanced compared to that in breast cancer cells expressing wild-type p53 (51). Thus, Ras, which depends on mevalonate-derived FPP to be farnesylated, may also enhance mevalonate metabolism by suppressing p53, which is indicative of the formation of a feedforward loop that enhances growth-promoting cellular metabolism (Fig. 3A) . Similarly, the IL-2-or IL-15-dependent activation of PI3K-AKT signaling may also stimulate mevalonate pathway activity.
The Rho GTPases RhoA, Cdc42, and Rac play key roles in a wide range of biological processes (52, 53) . To become functionally active, these GTPases must undergo geranylgeranylation. Early work demonstrated that RhoA is a positive regulator of TCR responses (Fig. 3B ) (54) . T cells of transgenic mice expressing an active mutant of RhoA show enhanced responses in the context of TCR-induced proliferation in vitro and in vivo.
In the EAE rodent model, statins decrease the amount of membraneassociated RhoA and inhibit the proliferation of myelin-reactive T cells. GGPP, the lipid moiety required for the geranylgeranylation of RhoA, reverses the inhibition of T cell proliferation caused by statins (45) . The involvement of geranylgeranylated RhoA in T cell proliferation was also confirmed in experiments with a specific geranylgeranyltransferase inhibitor. The GTPases Rac and Cdc42, which can be activated by Zap70 (55), a key element in TCR signaling, are pivotal regulators of cytoskeletal movement in response to the antigen-specific activation of T cells by antigenpresenting cells (APCs) (56) . Early work showed that Cdc42 mediates T cell polarization toward APCs (Fig. 3B) (57) . The Rho GTPase-dependent reorganization of the cytoskeleton is also a critical process in driving receptor clustering, leading to synapse formation (Fig. 3B) (56) . In mice lacking Rac2, a hematopoietic cell-specific isoform of Rac, actin reorganization and polymerization in T cells is impaired, which results in their reduced proliferative capacity (58) . These results indicate that Rac2 is important in mediating both proliferation and cytoskeletal changes during T cell activation (Fig. 3B ). Statins interfere with the association of Rac with the plasma membrane by inhibiting its prenylation and, as a consequence, preventing the TCR-dependent activation of the stress-responsive MAPK p38 (44) .
Rab proteins, which are modified by the attachment of geranylgeranyl groups (usually two) to the C terminus of the protein (59) , are involved in almost every route of intracellular trafficking (60) . Autophagy is a conserved degradation process and has been implicated in T cell proliferation and effector function. T cells from mice with a T cell-specific deficiency in Rab7 exhibit a profound block in autophagosome degradation (61) . Such Rab7-deficient T cells are sensitive to limiting amounts of extracellular nutrients and exhibit defects in proliferation after TCR stimulation (Fig. 3C) (61) . Because most Rab proteins are posttranslationally modified with two geranylgeranyl lipid moieties, they are particularly sensitive to the effects of mevalonate pathway inhibitors such as statins. Statins cause considerable cell stress and induce stress responses, including the unfolded protein response (UPR) and autophagy (62) . Because autophagy depends on Rab proteins, autophagy cannot be completed during statin-mediated inhibition of prenylation, and it is therefore abandoned. A well-established effect of blocking autophagy is the increased ROS production from mitochondria that fail to be cleared by mitophagy (63) . ROS, in turn, can activate inflammasomes (64, 65) . Consistent with this, treatment with statins or nitrogen-containing bisphosphonates (N-BPs) induces inflammasome and caspase-1 activation, which leads to the production of the proinflammatory cytokines IL-1b and IL-18 (66) , which contribute to the activation of gd T cells preactivated with IL-2 (67). Members of the Rab family of GTPases, such as Rab27a, also regulate discrete steps in granule exocytosis from cytotoxic T cells (Fig. 3C ). Resting T lymphocytes do not contain cytotoxic granules; their biogenesis requires T cell activation. Rab27a is required in a final secretory step of granule polarization toward the immunological synapse (68) (69) (70) . In gunmetal, a murine model of Hermansky-Pudlak syndrome (71), Rab27a dysfunction is secondary to a mutation in the a subunit of Rab geranylgeranyltransferase, the enzyme required for the prenylation and activation of Rab proteins (Fig. 3C) (72) . In cytotoxic T cells from gunmetal mice, insufficient prenylation of Rab27a leads to a failure in granule polarization and, thus, in the reduced ability of these cytotoxic T cells to kill target cells (70) . Not only is Rab27 required for effector T cell function, but it also may contribute to the suppressive activity of T regs . A study showed that T regs transfer gene-silencing microRNAs through exosomes to various immune cells, including T H 1 cells, which suppress cellular proliferation and cytokine secretion (73) . This form of T reg -mediated suppression depends on Rab27 because the release of exosomes requires Rab27a and Rab27b to dock multivesicular endosomes to Rab27 effectors on the plasma membrane (74) .
Multiple Mevalonate Metabolites Are Potent Agonists of gd T Cells: A Special Case
With regard to Vg9Vd2 T cells, which are primate-specific gd T cells and are not present in mice, the mevalonate pathway is distinct because it provides not only metabolic intermediates but also the cognate antigen IPP (75) . IPP, which is one of the oldest known biomolecules (15) , is also produced by bacteria, including mycobacteria, protozoa, and parasites through the non-mevalonate pathway of isoprenoid biosynthesis. Vg9Vd2 T cells can thus contribute to the surveillance of metabolic stress and pathogens. Dysregulation of the mevalonate pathway activates Vg9Vd2 T cells. For example, N-BPs, such as zoledronate, which represents the standard of care in the treatment of bone disease in patients with multiple myeloma (76), inhibit FPP synthase (Fig. 2) (12) . The resulting depletion of FPP and of downstream GGPP, which prevents protein farnesylation and geranylgeranylation, respectively, prevents bone degradation and exerts direct and indirect antitumor effects (15, 72, 77 ). An on-target side effect of N-BPs, however, is the upstream accumulation of IPP, which activates Vg9Vd2 T cells (75, (78) (79) (80) (81) . IPP, which is characterized as a mycobacterial antigen that stimulates gd T cells (82) , is therefore considered to be the mevalonate metabolite that is responsible for the N-BP-dependent activation of gd T cells.
The observation that N-BPs, such as zoledronate, activate gd T cells despite the depletion of downstream metabolites suggests that these compounds may be less relevant (or even irrelevant) as gd T cell agonists; however, a study has challenged this view. Vg9Vd2 T cells are potently activated not only by IPP but also by the downstream isoprenoid pyrophosphates DMAPP, GPP, FPP, and GGPP (83) . Moreover, pretreatment with the stress-related, inflammasome-dependent cytokine IL-18 enhances the responses of Vg9Vd2 T cells to all mevalonate-derived isoprenoid pyrophosphates. These findings suggest that the mevalonate pathway provides multiple potent gd T cell agonists and that gd T cells may perform comprehensive surveillance of mevalonate metabolism, which may indeed be required because enhanced flux through the growth-promoting mevalonate pathway can lead to malignant transformation (Fig. 4A) (84, 85) .
The ubiquitous protein butyrophilin 3A1 (BTN3A1, also known as CD277) binds to phosphorylated antigens, such as IPP, and activates Vg9Vd2 T cells (86, 87) . However, in contrast to a typical antigen-presenting molecule, BTN3A1 binds to phosphorylated antigens with its intracellular B30.2 domain through a positively charged surface pocket (88) , which suggests that BTN3A1 may act as a sensor of the intracellular abundance of such phosphorylated antigens. When intracellular phosphorylated antigens reach a critical amount, for example, in a tumor cell with a hyperactive mevalonate metabolism, they appear to mediate the cell surface immobilization of BTN3A1, which leads to engagement of the Vg9Vd2 TCR and T cell activation (Fig. 4A) . These findings also raise the question of whether such mevalonate-derived phosphorylated compounds should be referred to as antigens. They might more likely be considered as metabolic cues that act as danger signals. In addition to being agonists of Vg9Vd2 T cells, gd T cell-intrinsic mevalonate metabolites may contribute to the regulation of Vg9Vd2 T cell fitness and function (Fig. 4B) .
Concluding Remarks
It is now clear that the activation and proliferation of T cells requires enhanced metabolic flux through growth-promoting pathways. Activated T cells take advantage of the Warburg effect to rapidly process glucose and to funnel acetyl-CoA into mevalonate metabolism. T cells thus represent an attractive means to examine how the usage of distinct metabolic pathways translates into cellular proliferation or effector responses. Studies have generated evidence that mevalonate metabolites regulate conventional and nonconventional T cells at a range of different levels, but the elucidation of the exact mechanisms of action of mevalonate-derived intermediates in various T cell functions still requires substantial work. One limitation lies in the requirement for specialized methodology and instrumentation to study metabolism. The acquisition of sufficient cellular material represents yet another challenge, particularly when primary T cells that occur at low frequencies, such as gd T cells, are examined. However, once these technical barriers are overcome, an improved understanding of mevalonate metabolism will enable more effective T cell manipulation for immunotherapeutic purposes in cancer and other diseases. 
